Abstract Bone is one of the most common sites for metastasis in breast cancer (BC). Micro-metastasis in bone marrow was detected in 30 % of patients with stage I, II, or III BC at primary surgery and is a strong indicator of poor prognosis. The role dietary soy isoflavones play in BC with bone micro-metastasis is unclear. In this study, we examined the effects of genistein, daidzein, (-)-equol or a mixture of soy isoflavones on BC with bone micrometastasis using an experimental model of murine mammary cancer 4T1 cells engineered with luciferase. A small number (1000) of 4T1 cells were injected into the tibia of female Balb/c mice to establish micro-tumors in bone. Soy isoflavones were supplemented in the AIN-93G diet at 750 mg/kg and were provided to mice from 3 weeks before to 3 weeks after cell injection. Bioluminescent imaging was conducted on day 2 (D2), D6, D8, D16 and D20 post cell injection and the results indicated dietary soy isoflavones enhanced the growth of bone micro-tumors on D8.
Introduction
Cancer metastasis is a complex multistep process wherein cancer cells first proliferate at a primary site, leave the site by invading the basement membrane and the stroma, and then pass through the circulatory and/or lymphatic systems, finally establish a secondary tumor at a distant organ site [1] . Breast cancer (BC) is one of the most common cancers affecting women in the United States with up to 30 % BC survivors relapsing within 5 years with metastatic tumors [2, 3] .
Metastatic BC is the leading cause of death in BC patients [4, 5] and bone is one of the most common sites for metastasis in BC. After death from BC, approximately 70 % of these individuals had metastatic tumors in bone [6] . Recent studies have shown that micro-metastasis in bone marrow was detected in 30 % of patients with stage I, II, or III BC at primary surgery and the presence of micrometastasis in the bone marrow is associated with a poor prognosis [7] . This is very important because it indicates that micro-metastasis in bone marrow exists before stage IV metastatic breast cancer when metastases can be detected by routine techniques. Therefore, BC survivors with presence of micro-metastasis in bone marrow can live for years, but have a poor survival when compared to patients without bone marrow micro-metastasis. To mimic this clinical setting, we established, in the present study, an experimental model by injecting a small number (1000) of murine mammary cancer 4T1 cells into the tibial marrow of mice to produce a lesion representative of an early micro-metastasis tumor in bone.
Since BC survivors with bone micro-metastasis can live for years, diet could play an important role in BC progression. Additionally, dietary supplements, including soy isoflavones, could impact progression of BC metastasis. To date, investigations of the association between soy isoflavones and BC are mainly focused on formation and growth of primary tumors, not on BC metastasis progression. For example, epidemiologic studies have shown that, in general, consumption of soy foods in Asian countries is associated with a reduction of BC [8, 9] , and preclinical studies confirm that early life exposure to soy is preventative for BC [10] . On the other hand, we have demonstrated that feeding mice with diets high in isoflavones to produce blood levels of isoflavones similar to those observed in women consuming soy products, can stimulate pre-existing estrogen (E2)-dependent breast tumor growth in mice [11] , while, clinically, approximately 75 % of BC survivors are using alternative disease-modulating treatments, including soy isoflavones, in most cases, without their oncologists' knowledge [12] [13] [14] . Therefore, it is important to evaluate the role of dietary supplements on BC metastasis in an experimental model.
Genistein and daidzein are the major isoflavones in soy, mostly as glycosides with a small percentage of aglycones [15] , and daidzein is metabolized to (-)-equol by intestinal microflora [16, 17] . Currently, studies have shown that soy isoflavones could inhibit BC metastasis potential in vitro at concentrations higher than 10 lM. For example, genistein, daidzein and equol (50 lM) inhibited human BC MDA-MB-231 cell invasion [18] . This inhibition could possibly be related to down-regulation of MMP-9 and up-regulation of TIMP1 [19] . In preclinical models, soy isoflavones exhibit differential effects on BC metastasis. For example, genistein inhibited osteolytic bone metastasis followed by intracardiac injection of MDA-MB-231 cells [20] . Daidzein increased lung and heart metastasis, while genistein decreased bone and liver metastasis following subcutaneous injection of MDA-MB-435 cells [21] . Therefore, whether dietary soy isoflavones have beneficial or adverse effects on BC metastasis is still uncertain, and whether they have impact, especially, on BC patients with bone micro-metastasis is unknown and remains as a critical question. In the present study, we evaluated the effect of these three soy isoflavones on BC with bone micro-metastasis. We injected a small number (1000) of murine 4T1 mammary cancer cells into the tibial marrow of mouse to mimic BC with bone micrometastasis. With this model, we were able to evaluate the effect of dietary genistein, daidzein, (-)-equol and a mixture of soy isoflavones on BC with bone micro-metastasis.
Materials and methods

Material
Dulbecco's Modified Eagle's Medium (DMEM) was obtained from the Cell Media Facility, University of Illinois at Urbana-Champaign (Urbana, IL). Heat-Inactivated Fetal Bovine Serum (HI-FBS) was purchased from Atlanta Biological (Lawrenceville, GA). Matrigel TX was purchased from BD Biosciences (San Jose, CA). D-luciferin potassium was purchased from Regis Technologies (Morton Grove, IL). Mixed isoflavones were a mixture of soy isoflavones containing mainly genistein (aglycone ? conjugated) and daidzein (aglycone ? conjugated), and were purchased from the United States Department of Agriculture (Washington, DC). The composition of the mixed isoflavones was listed in Supplemental Table 1 . Genistein (98 % by HPLC) and daidzein (98 % by HPLC) were purchased from Allway Chem-Pharm International (Xi'an, China). (-)-Equol (98 % by chiral HPLC) was purchased from Obiter Research (Champaign, IL).
Cell culture ER-negative murine 4T1 cells engineered with firefly luciferase were originally provided by Dr. David PiwnicaWorms from Washington University (St. Louis, MO), and have been grown and maintained in DMEM supplemented with 10 % HI-FBS, 100 unit/mL penicillin and 100 lg/mL streptomycin (culture media) at 37°C in 5 % CO 2 humidified air. Cells were harvested at 70 % confluence, counted and suspended in Matrigel TM for inoculation.
Proliferation, wound healing and invasion (see supplemental materials)
RNA isolation
ER-negative murine 4T1 cells (2 9 10 5 /well) were seeded into 6-well plates in culture media and cultured for 24 h. Media were then changed to 0.1 % HI-FBS and incubated overnight. Cells were treated with genistein, daidzein or (-)-equol in 0.1 % HI-FBS media at 0.1, 1 or 10 lM respectively for 24 h (n = 3). Experiments were repeated for 3 times. Total RNA was collected using TRI Reagent (Sigma-Aldrich) and isolated according to the manufacturer's instructions as described previously [22] . RNA concentrations were measured using SmartSpec Plus Spectrophotometer (BioRad, Hercules, CA). cDNA was synthesized from RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) in a Thermal Cycler 2720 (Applied Biosystems). In each reaction system, 2 lg of total RNA were used in a 20 lL mixture containing 19 RT buffer, 19 random primers, 4 mM dNTPs and 2.5 U/lL multiScribe Reverse Transcriptase. cDNA was synthesized following the program: 25°C for 10 min, 37°C for 2 h, and 85°C for 5 s.
Quantitative PCR analysis
Synthesized cDNA for measuring gene expression was analyzed by quantitative PCR in a 7300 thermal cycler (Applied Biosystems). In each reaction, 25 ng of synthesized cDNA was used in a 20 lL volume containing 10 lL of SYBR Green master mix (29, Applied Biosystems) and 0.25 lM of each primer. PCR was performed using the following program: 95°C for 10 min, followed by 35 cycles of 95°C for 15 s and 60°C for 1 min. After PCR, melting curves were acquired stepwise from 55 to 95°C to ensure that a single product was amplified in the reaction. The primers used in this study are listed in Supplemental Table 2 .
Animals
Female BALB/c mice were purchased from Charles River Laboratories (Wilmington, MA) at 4 weeks of age. Animals were single-caged in a controlled environment and had free access to food and water. Artificial light was provided in a 12-hour light/dark cycle. Experimental procedures were conducted under protocols approved by the Institutional Animal Care and Uses Committee (IACUC) at the University of Illinois at Urbana-Champaign (UIUC).
Study design
Upon arrival, mice were switched to the AIN-93G pellet diet in 1 week, and then aged to 4 months old. Mice were then randomly assigned into the following groups with 10-11 mice in each group: (1) the control group, (2) the genistein group, (3) the daidzein group, (4) the (-)-equol group and (5) the mixed isoflavone group. As Supplemental Table 3 shows, mice in the control group received the AIN-93G powder diet at 5 g/day/mouse. Soy isoflavones were mixed with the AIN-93G powder diet at 750 mg/kg and the mixed diets were provided to each mouse in their respective group at 5 g/day. The dose in the mixed isoflavone group was normalized to 750 mg/kg genistein equivalent with 318 mg/kg daidzein equivalent. The AIN-93G semi-purified diet (Research Diets, Brunswick, NJ) was selected as the base diet as it has been established as meeting the nutritional requirements of mice [23] . The 5 g of diets were provided to mice in respective groups at the same time on each day. Body weights were measured weekly after mice were on diets supplemented with soy isoflavones. Mice were then injected with 4T1 cells after 3 weeks on AIN-93G diets supplemented with soy isoflavones. Bioluminescence imaging was conducted to monitor tumor progression for 3 weeks post cell injection. Mice were then sacrificed and internal organs were collected. The study design was summarized in Supplemental Fig. 1 .
Intra-tibial cell inoculation
During the surgery, each mouse was placed face-up and the patellar tendon of the right tibia was exposed with a small incision. A 26-gauge needle was inserted into the joint surface of the tibia through the patellar tendon into the bone marrow cavity to create a pilot hole. A 25 lL Hamilton microsyringe with a 27-gauge needle was used to deliver 1000 4T1 cells suspended in 2.5 lL Matrigel TM through the pilot hole. The incision site was closed with a surgical staple. General anesthesia was maintained with isoflurane/oxygen gas throughout the surgery.
Bioluminescence imaging (BLI)
BLI was performed using a custom-made imaging system (Stanford Photonics, Palo Alto, CA) with a dual microchannel plate ICCD camera. Potassium D-luciferin (0.15 g/kg) was freshly dissolved in sterile PBS and injected intraperitoneally to each mouse 3 min prior to imaging. D-luciferin reacted with live, luciferase-labeled 4T1 cells and this reaction emitted bioluminescence, which was then captured by the BLI unit. Photon emission was allowed to accumulate for 3 min under Movie mode using the software Piper Control (Stanford Photonics, Palo Alto, CA). Bioluminescence was visualized as pseudo-color and post-processed using ImageJ (NIH, Bethesda, MD) and Photoshop Elements (Adobe, San Jose, CA). General anesthesia was maintained throughout the imaging process.
Quantification of serum isoflavones
At necropsy, blood was drawn from the vena cava of each mouse and serum was separated and kept at -20°C until analysis. Serum levels of total isoflavones (aglycones and conjugated forms) were determined after complete enzymatic hydrolysis with a H. pomatia preparation containing glucuronidase, sulfatase, and glucosidase using a previously validated LC-ES/MS/MS method based on isotope dilution quantification of genistein, daidzein, and equol [24] . Method detection limits (s/n ratio of 3) for genistein, daidzein, and equol were approximately 0.005 lM for aliquots of 10 ll. Intra-and inter-day precisions were in the range of 3-13 % relative standard deviation, and accuracy was in the range of 88-99 %. Quality control analyses were also performed for every sample set, including the analysis of blank and spiked serum samples (glucuronidase/sulfatase), blank injections, and injections of authentic standards.
India ink staining
At necropsy, an incision was made on each mouse from the rib cage to the jaw to expose trachea and lungs. India ink solution (85 %) was slowly infused into the lungs through the trachea. The infused lungs were kept in Fekete's solution (90 % of 70 % ethanol, 9 % of 37 % formaldehyde and 1 % of glacial acetic acid) for de-staining [25, 26] . When injected from trachea, India ink only infuses the respiratory tract, which results in normal lung tissues staining black while the tumor nodules remaining white. The white tumor nodules were counted and the results were analyzed.
H&E staining
After the white tumor nodules on the surface of the lungs were counted, lungs were embedded in paraffin, sectioned and stained with H&E. Slides stained with H&E were observed under an AxioSkop 40 microscope (Carl Zeiss, Thornwood, NY) and photographed. Metastasis was quantified by counting tumor colonies and measuring tumor area in the sectioned lung tissue as described previously [27, 28] .
Ki-67 expression Four mice were randomly selected from each group for evaluation of Ki-67 protein expression on the metastatic tumors on lungs. Sectioned lung tissue slides were first incubated with a primary Ki-67 antibody (1:3000) (Pharmingen, San Diego, CA) at 4°C overnight, and then with a biotinylated anti-mouse secondary antibody (VEC-TASTAIN Elite ABS reagent, Vector Laboratories Inc. Burlingame, CA) for 30 min at room temperature. Positive cells were stained brown with 3,3 0 -diaminobenzidine tetrahydrachloride (DAB) and negative cells were stained blue with hematoxylin [29, 30] . Both positive and negative cells were counted in a given field under the AxioSkop 40 microscope. Results were presented as percentage of positive cells of a given field of tumor cells.
Statistical analysis
Data were analyzed using either SAS TM 9.2 (SAS Institute Inc., Cary, NC) or OriginPro Ò 8.5 (OriginLab Corporation, Northampton, MA). Tumor occurrence rate was analyzed using Fisher's exact test. Continuous data (body weight, BLI and Ki-67) were analyzed using two-sample t test (OriginPro Ò 8.5). Count data (India ink and H&E staining) were analyzed using SAS PROC GENMOD. Comparison of data in different concentrations of the same treatment (cell growth, motility, gene expression) was conducted using one-way ANOVA with post hoc Tukey's test (OriginPro Ò 8.5). P \ 0.05 was considered indicative of significant differences between means of two experimental groups.
Results
Dietary soy isoflavones did not affect mice body weights in the duration of the study Genistein, daidzein, or (-)-equol were supplemented in the AIN-93G powder diet at 750 mg/kg diet. The composition of mixed isoflavones was listed in Supplemental Table 1 , and the dose of mixed isoflavones was normalized to 750 mg/kg genistein equivalent, with 318 mg/kg daidzein equivalent. Mice were fed on their respective diets starting from 3 weeks before cell injection for a total of 6 weeks. Body weights were recorded weekly (Supplemental Fig. 2a ). Body weight changes were calculated for the duration of week 0 (cell injection) to week 3 (the end of the study). No significant differences in body weight change were observed when comparing dietary soy isoflavone groups to the control group, indicating that dietary soy isoflavones did not affect body weight in mice with tumor burdens (Supplemental Fig. 2b ).
Monitoring of metastatic progression of 4T1 tumors in bone using bioluminescent imaging
We were able to monitor the growth and progression of micro-tumors in bone in real time using BLI, because the murine 4T1 cells were engineered with luciferase. In the present study, no bioluminescence in bone was detected on day 2 (D2) after cell injection. Bioluminescence from tumors in the bone was detectable on D6. Signals in the control and the mixed isoflavone groups continued to increase until the end of the study, while signals in the genistein, daidzein and equol groups peaked on D16, and then reduced on D20 (Fig. 1a) , likely due to tumor necrosis and subsequently reduced luciferin uptake by necrotic tumor cells. In addition to bioluminescence from the bone micro-tumors, bioluminescence in the lung area, produced by tumor cells metastasized from bone marrow, were observed on D8, which then continued to increase until the end of the study. Most animals with metastatic tumor burdens followed a similar time course, suggesting that 4T1 cells first formed a micro-tumor in the bone after intratibial injection and then subsequently metastasized to the lungs in mice.
To examine the effects of dietary soy isoflavones on tumor growth in the bone, we measured the integrated density of bioluminescence from micro-tumors in the bone. In this circumstance, unsaturated bioluminescent signals from engineered 4T1 tumors are fairly quantifiable, because tumors are located in the same position in each mouse with defined depth in bone. The absence of detectable bioluminescence in the tibia at the end of the study was considered as a failed injection and then was excluded from analysis. Fig. 1a shows the strength of bioluminescent signals over time from 4T1 tumors in bone. On D8, genistein (P = 0.03) and (-)-equol (P = 0.04) significantly increased the strength of bioluminescent signals from 4T1 tumors in bone when compared to the control group. Daidzein (P = 0.06) treatment showed a trend to approach significance in bioluminescence strength, while mixed isoflavone did not show difference when compared to the control group (Fig. 1b) . No significant difference, other than on D8, in bioluminescent signals from tumors in bone was observed between the control group and the soy isoflavone-supplemented groups. Fig. 1c shows representative bioluminescence images of mice recorded on D8.
Effects of dietary soy isoflavones on 4T1 tumor metastasis from bone to lung Monitoring 4T1 tumor progression using BLI indicated that 4T1 tumors metastasized from bone marrow to lungs. However, the analysis of bioluminescence in the lung area provided a less accurate quantification, mainly because not all mice with 4T1 tumors in bone developed lung metastasis detectable by BLI in the present study. This resulted in large variation in integrated density measurement with 0 for undetectable bioluminescent signal or higher than 10 6 for intense bioluminescent signals. Therefore, we used gross examination and histological analysis of the collected lungs, instead of integrated density of bioluminescent signals, for accurate quantification of metastasis. To calculate the metastasis occurrence rate in each experimental group, we counted mice with 4T1 tumor nodules on lungs. The metastasis occurrence rate for each group was, the control group, 6/9 (the number of mice with lung metastasis/the number of mice for the group), the genistein group, 9/10, the daidzein group, 10/10, the (-)-equol group, 7/10, and the mixed isoflavone group, 10/10. No significant differences between experimental groups were observed, indicating that dietary soy isoflavones did not affect metastasis occurrence rates.
To examine the effects of soy isoflavones on metastatic tumor formation on the surface of lungs in mice, we counted the number of white tumor nodules formed by 4T1 cells on the lung surface. Fig. 2a shows that mice in the control group had an average of 2 tumor nodules on the lung surface, while mice in the dietary soy isoflavonetreated groups had a significant increase in tumor nodule count with an average of 6 tumor nodules on the lung surface (P \ 0.05). Fig. 2b shows representative pictures of tumor-bearing lungs infused with India ink. To examine microscopic metastasis inside the lungs, sectioned lung tissues were stained with H&E. Tumor colonies in the sectioned lung tissue were counted and tumor area was measured. Fig. 3a shows that mice in the control group had an average of 2 tumor colonies per lung section, while mice in the dietary soy isoflavone-treated groups had a significant increase in tumor colony count with an average of 7 (genistein), 6 (daidzein), 9 [(-)-equol] or 11 (mixed isoflavones) tumor colonies (P \ 0.05). Fig. 3b shows that tumor colonies in the mixed isoflavone and (-)-equol groups had a large average size when compared to the control group, while the genistein and daidzein groups did not. The two variables, tumor colony count and tumor area per lung section, showed a significant correlation (Pearson's r = 0.86, P \ 0.001), indicating similar patterns when used to represent lung metastasis inside lung tissues. Fig. 3c shows representative pictures of H&E stained lung sections from each experimental group. These results indicate that dietary soy isoflavones enhance the metastasis of 4T1 tumors from bone to lungs.
To investigate the possible biological basis for the stimulatory effect of soy isoflavones on metastatic tumor formation on lungs, Ki-67 immunohistochemical staining was conducted on sectioned lung tissues. Fig. 4a shows that mice in the control group had 19.1 ± 2.8 % of tumor cells positive for Ki-67 expression, while mice in the dietary soy isoflavone-treated groups had a significant increase in tumor cells positive for Ki-67 expression with 28.6 ± 1.9 % in the genistein group, 35.9 ± 2.1 % in the daidzein group, 28.6 ± 1.8 % in the (-)-equol group or 34.3 ± 1.7 % in the mixed isoflavones group, indicating that dietary genistein, daidzein, (-)-equol and the mixed isoflavones increase proliferating cells in the metastatic tumors in lungs. Fig. 4b shows representative pictures of Ki-67 stained tumor cells in sectioned lungs from each experimental group.
Quantification of serum levels of soy isoflavones
To determine levels of total soy isoflavones in blood, serum samples were hydrolyzed by a H. pomatia preparation and analyzed using LC/MS/MS with a previously validated method [24] . Fig. 5 shows the blood levels of total soy isoflavones in experimental groups: 1.2 ± 0.2 lM genistein in the genistein group; 1.5 ± 0.3 lM daidzein and 5.0 ± 0.6 lM equol in the daidzein group; 5.6 ± 1.1 lM equol in the (-)-equol group. Mice in the mixed isoflavone group contained 1.2 ± 0.3 lM genistein, 0.9 ± 0.2 lM daidzein and 1.0 ± 0.2 lM equol. The presence of equol in the daidzein and the mixed isoflavone groups is due to intestinal metabolism of daidzein. The percentages of aglycones were not measured directly in this study, but our previous studies of genistein, daidzein, and equol in BALB/c mice have shown them to be approximately 5 % of the respective total isoflavone concentration [31] .
Effects of soy isoflavones on cell growth, wound healing, invasion and gene expression of 4T1 cells in vitro
We evaluated the effects of genistein, daidzein, (-)-equol in 4T1 cells in vitro. Since the main components of mixture isoflavones are isoflavone glycosides, we did not evaluate this sample in cultured 4T1 cells. Genistein, daidzein and (-)-equol at the concentration 1 and 10 lM had no effect on 4T1 cell growth, while inhibitory effects occurred at 100 lM due to toxic effects (Supplemental Fig. 3a) . Genistein, daidzein and (-)-equol at 1 lM stimulated the motility of 4T1 cells, while the stimulatory effects disappeared with 10 lM genistein or (-)-equol and the effects became inhibitory when the concentration increased to 100 lM (Supplemental Fig. 3b ). Genistein, daidzein or (-)-equol at 1 lM did not show any effect on 4T1 cell invasion (Supplemental Fig. 3c) . Therefore, genistein, daidzein and (-)-equol showed limited ability to alter 4T1 cell growth, motility or invasion at 1 lM, while strong inhibitory effects of these compounds on cultured 4T1 cells occurred at very high concentration (100 lM), which was very likely unachievable in vivo.
To further determine the mechanisms how soy isoflavones stimulated BC metastasis, we examined the effects of genistein, daidzein and (-)-equol on the expression of genes relative to cell cycle, cancer metastasis or growth factor pathways in cultured 4T1 cells using quantitative PCR. The expression of MMP-2 and two of E2-responsive genes (TFF1 (PS2), WISP2) was very low in both nontreated and treated 4T1 cells (data not shown). The expression of TIMP1, CAV1, MYO1b, CCND1 (cyclin D1), CXCL1, EGFR, VEGFa and VEGFb gene was unchanged with genistein, daidzein or (-)-equol at the tested concentration range ( Supplemental Fig. 4) . The expression of BCL2 gene was unchanged with 0.1 or 1 lM genistein, daidzein or (-)-equol, and then down-regulated when the concentration increased to 10 lM (Fig. 6 ). The expression of VEGFc was down-regulated with genistein at 10 lM and with daidzein at 1 or 10 lM, while (-)-equol did not affect its expression at the tested concentration range (Fig. 6 ). The expression of MMP9 was down-regulated with daidzein at 1 or 10 lM and with (-)-equol at 10 lM, while genistein did not regulate its expression at the tested concentration range (Fig. 6 ). The expression of TIMP2 gene was down-regulated by genistein and (-)-equol at 0.1 and 10 lM, while by daidzein at 1 and 10 lM (Fig. 6) .
Therefore, genistein, daidzein and (-)-equol showed limited ability to modulate gene expression in cultured 4T1 cells at 0.1 or 1 lM, while 10 lM of the tested isoflavones showed stronger down-regulation effect on gene expression.
Discussion
Bone is one of the most common sites for BC metastasis in women [32] and the presence of bone micro-metastasis in stage I, II and III BC patients at primary surgery is a strong indicator of poor prognosis [7] . In the present study, we successfully established an experimental model in mice to mimic BC with bone micro-metastasis by injecting 1000 murine 4T1 cells into the tibial bone marrow of mice. We observed micro-tumors formed in the tibial marrow, which then subsequently metastasized to the lungs. systemic relapse and death [33] and shorter distant disease -free survival [34] .
One limitation of this model relates to the rapid tumor growth in the bone. Three weeks after cell inoculation, micro-tumors in the bone became visible and this tumor burden caused mice unable to bear weight on the injected limb. However, this limitation can be overcome by using BLI to detect early changes when tumors are still in micro status, as we showed in the present study. Dietary soy isoflavones increased the growth of 4T1 micro-tumors in the bone and the subtle stimulatory effect occurred at early time resulted in more lung metastases. The disappearance of the stimulatory effect on micro-tumors in the bone later on was probably due to signal saturation, which resulted from rapid tumor growth and the limited space of bone marrow for tumor growth. However, based on the limited and mixed preclinical results, how soy isoflavones impact BC metastasis is still unclear. For example, a study has shown that dietary genistein reduced lung metastasis in a postsurgical orthotopic model of MDA-MB-435/HAL cells [35] , while daidzein and a mixture of genistein, daidzein, glycitein increased visceral metastasis from MDA-MB-435 (GFP tagged) cells injected subcutaneously into mice [21] . The mixed conclusions from published reports are likely due to differences in cell lines, models, administration methods etc. utilized in studies. Therefore, caution must be taken when interpreting preclinical results.
To understand how soy isoflavones affect BC metastasis, we evaluated their effect on the growth, motility and invasion of cultured 4T1 cells. Cell motility is an important property of malignant cells, which they need to migrate from a primary tumor to secondary organs [36] . Invasion of the basement membrane is another critical step in the metastasis cascade, because the basement membrane is the largest barrier between malignant cells and the blood stream, and has to be traversed for malignant cells to enter circulation [1] . Interestingly, we observed genistein, daidzein and (-)-equol at concentrations exceeding those likely in the in vivo phase of the study had no effects on proliferation and invasion of 4T1 cells, while the stimulatory effect on 4T1 cell motility was minimal. At 100 lM, these 3 compounds showed significantly inhibitory effects on proliferation and motility of 4T1 cells. This inhibitory effect was similar to previous reports describing that soy isoflavones inhibited cell motility and invasion in cancer cells in vitro at high concentrations of 20-50 lM [18, 37] . However, these concentrations would be too high for typical dietary exposure to achieve. Blood levels of total isoflavones in mice in the present study are 1-5 lM, similar to the levels observed in humans consuming typical soy foods or supplements [38, 39] . Blood levels of isoflavone aglycones would be even lower, because aglycones comprise only 0.1-5 % of the total isoflavones present in serum [31] . Even though tissue levels of aglycones often exceed those in serum [40] , their concentrations in mouse lung would be far lower than those inducing effects in vitro. Therefore, the in vitro results obtained in the presence of high concentration of aglycone isoflavones should be interpreted with caution relative to data from an in vivo model. The results of gene expression were similar to the results of proliferation and motility tests. The regulation of tested gene expression by soy isoflavones at low concentrations was minimal. Therefore, the stimulatory effect of dietary isoflavones on BC metastasis in the 4T1 intratibial model could likely be due to systemic interactions between the host, the tumor cells, and the dietary isoflavones as opposed to direct effects on the tumor cells. It has been shown that a systemic effect of the steroid hormone, estradiol, plays a role in ER negative BC metastasis [41] . Recently, we have also demonstrated that estradiol stimulates ERnegative BC metastasis in a 4T1 tail vein injection model [42] . Since soy isoflavones are phytoestrogens, they may share similar pathways with estrogen via systemic responses to stimulate BC metastasis. Investigation in this direction is currently undergoing in our laboratory.
In summary, the present study examined the effect of dietary genistein, daidzein, (-)-equol or a mixture of soy isoflavones using an experimental model of BC bone micrometastasis by injecting 1000 murine 4T1 cells engineered with luciferase into the tibial bone marrow of mice to mimic BC patients who have micro-metastasis existing in the bone marrow cavity. We demonstrated that dietary soy isoflavones enhanced 4T1 tumor growth in bone on D8 post cell inoculation, and more importantly, increased lung metastasis from the 4T1 tumors in bone. In addition, we showed that dietary soy isoflavones had limited ability on growth, motility or invasion of 4T1 cells in vitro. Therefore, the stimulatory in vivo effect could be likely due to systemic effects between the host system, 4T1 tumors and soy isoflavones. Due to differences between humans and rodents, the findings in the study need to be interpreted carefully for the consumption of dietary isoflavones by BC survivors.
